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Angle-resolved Cu and O photoemission intensities in CuPplanes
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Using a mapping from the three-band extended Hubbard model for cuprate superconductors into a general-
izedt-J model, and exact diagonalization of the latter in>a4 cluster, we determine the quasiparticle weight
for destruction of Cu or O electrons with definite wave vedtowe also derive an approximate but accurate
analytical expression which relates the O intensity with the quasiparticle weight in the genetalineodel.
The k dependence of Cu and O intensities is markedly different. In particular the O intensity vanishes for
=(0,0). Our results are relevant for the interpretation of angle-resolved photoemission experiments.
[S0163-182699)03018-0

[. INTRODUCTION cuss the above-mentioned ARPES experiménfsus, to
study this problem by numerical methods at zero tempera-
While the wave-vector dependence of the quasiparticleure, it is necessary to integrate out the high-energy degrees
weight in quantum antiferromagnets has been studied interof freedom. Furthermore, analytical approximations like
sively since the discovery of high: superconductivity, the slave bosons give better results when applied to an appropri-
interest in the subject has been revived by the angle-resolveate low-energy Hamiltoniaf?, and the successful SCBA
photoemission (ARPES experiments on insulating cannot be applied tblgy, .
Sr,CuO,Cl,.12 Several theoretical works appeared fitting the ~ Several low-energy reduction procedures have been
observed dispersion using generalizeti*~® spin-fermion’®  proposed®~** Eliminating the Cu-O hopping,q by means
or one-band Hubbard modéfs? More recently the photo- of a canonical transformation, leads to the spin-ferntiyp
emission intensiti€s®**°and line shape® have been dis- (or Kondo-Heisenbejgmodel**3! Although t,,q is, in prin-
cussed and compared with previous results in th& ciple, not small enough to guarantee the accuracy of the re-
model™~*°In particular Lema and Aligia® and Sushkowet  sulting Hg, this effective Hamiltonian, with parameters
al.,'® have developed two different methods to calculate theenormalized to fit the energy levels of a Gu€luster, re-
quasiparticle weight in the generalized or one-band Hub- produces very well optical and magnetic propertiesigf in
bard models in the strong-coupling limit, using the self-a Cy,Og cluster’* Also one-band generalized Hubb&td’3
consistent Born approximatiofBCBA). The results of both and t-J model$*3 were derived. The latter represent the
methods, an analytical approach based on the *“stringhighest low-energy reduction reached so far, and after the
picture,”** and exact diagonalization of a 32-site cludter first proposal of Zhang and Ric8 further work confirmed
were compared recentfyThe method of Sushkoet al.in-  that a generalizettJ modelHg,; reproduces accurately the
troduces spurious low-energy peaks in the Green functiofow-energy physics of the other modélsi’~*In particular,
which can, however, be identified and eliminated. The otheprojecting the Hilbert space dfiy onto local (nonorthogo-
SCBA method compares better with exact diagonalizatiomal) Zhang-Rice state®¥ mapping the model in this reduced
and the results of the string picture underestimate thédilbert space tddg,;, and solving numerically the latter, we
weights. However, since the operatcafks, entering general- obtained a band structure and magnetic properties which
izedt-J or one-band Hubbard models are effective operatorggree very well with the corresponding properties calculated
which cannot be trivially translated into Cu and O holes ofdirectly onH;.*? It is important to emphasize that to calcu-
the original system, the above-mentioned efforts are insuffitate any property of the cuprates, expressed in terms of the
cient for a comparison with experiment. expectation value of an operator df;,, using an effective
Experimental evidence about the symmetry of holes inow-energyHamiltonian the mapping procedure should be
cuprate superconductots;*®as well as constrained-density extended to the operator of the quantity to be
functional calculationg®?! justify the three-band Hubbard calculatec®™3344or alternatively the relevant states of the
model Hy, (Refs. 22 and 2Bas the starting point for the effective Hamiltonian should be mapped back onto the cor-
description of these systentdg, contains Cu 8,2_,2and O  responding states df3,.
2p, orbitals. To explain some RanmArf® and In this work we calculate the low-energy part of the Cu
photoemissioff experiments at excitation energies above 1and O ARPES, using the low-energy reduction frbry, to
eV, it is necessary to include other orbitals in the mddel, Hg and from it toHg,;, mapping the local Zhang-Rice sin-
but these are not important for the energy scale of thelets to vacant site¥:*® The relevant operators df 5, are
ARPES experiments of Ref. 1. However, even restricting thanapped toHg, and the ground state ¢y is constructed
basis to the above-mentioned orbitals, the size of the systenfiom that ofHg;; in a system containing>4 unit cells. For
which can be diagonalized numerically at present, do nothe O ARPES we give a simple recipe to relate it with the
contain more than four unit celf§.This is too small to dis- quasiparticle weight itHg,;, which can be calculated with
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the SCBA or other analytical approachiegVe find signifi-
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transformation which eliminates terms lineartjyy, retain-

cant differences between Cu and O ARPES. Since the phdong also the fourth-order terms, leads to the spin-fermion

toemission cross section for @Guand Op orbitals have dif-

ferent dependences on the incident energy of the pHBton,

these differences should be accessible to experiments.

In Sec. Il we briefly review the mapping procedure and Hsi=
derive the equations necessary to express the ARPES results

in terms of numerical oin some cas@sanalytical results on

Hgty. Section Il contains the results and Sec. IV the con-

clusions.

Il. MAPPING PROCEDURE AND RELEVANT EQUATIONS

A. Deriving the spin-fermion model from H 3

model3°31

2 ’E)L- 5'0—Bi+50'
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whereTojTU are effective O creation operators, 8¢ . 5) is

Our starting point for the description of the superconducty . offective spin at Cu site(O sitei + ). Due to the fact

ing cuprates below 1 eV is the extended three-band HubbarﬁJ]

model. To simplify the writing we change byl the phases

of half of the O and Cu orbitals in such a way that the
hopping matrix elements do not depend on direction. Th
original phases should be restored in the comparison with th

experimental ARPES result8. The Hamiltonian takes the
form

Hsb:fdiz diTadio"'(éd_’_A)jE PloPio
+Ud2 diTTddeiTidil_’—UP; PJiPITP] Py

+ Upd 2 diTo'diUpiT+ ,Sg’pi + 8o’

idao’
+tpdg [piT-%—b‘(rdia'—i_H'C']_tpij pj++'y(rpj(r!
o yo

@
:

wheredia(pjTU) creates a hole on the Cu 8@ 2p) orbital at
sitei (j). The four nearest-neighbdnext nearest-neighbpr
O sites to Cu sité are denoted by+ &(i + y). A canonical

att,qy is not very small compared ta or Uy—A, the
expressions for the parametershkbf; obtained from the ca-
nonical transformation up to fourth order ipy are not ac-

Turate enough. However, this shortcoming is avoided if the

Sarameters ofl¢; are renormalized to fit the energy levels of
Hap Which in the limitt,;— 0 corresponds to a level ¢f;,

in a CuQ cluster with one and two holes. Since the case
top#0 has not been described before and the information is
necessary for the expressions of the ARPES results, we
briefly review this method.

For two holes in the Cu@cluster the 16 eigenstates of
H; can be classified in four spin singlets and four spin trip-
lets distributed in six energy levels: oihg (invariant under
the point group operationsone I'; (transforming likex?
—y?) and a doublef s (transforming likex,y) for each total
spin. The spin multiplicity 2% 1 will be denoted in the su-
perscript. The ground state is the invariant singggi(T'7))
=(118)25(p 510, = Pl, 5,d7)[0), which represents a
Zhang-Rice singlet. Each eigenstatef has a correspond-
ing eigenstate oHj3,, which is the lowest eigenstate of a
small matrix in the corresponding symmetry sedtdr. The
largest matrix corresponds IO} and is reproduced here for
future use:

_2tpp 2tpd \Etpd \/Etpd \/§tpd
2t A —2\2t,, —2.\2tp, 0
V2t —242t,, A 0 0 3
V2t —2\2t,, 0 A+U, 0
NCI 0 0 0 Ug—A—2Uq
|
The basis states of E¢B) are the following: 1 : ;
13)= 2 % pi+5Tpi—6l|0>v
1
1)=— % (piT+ mdiTl_ piT+ (udiTT)|0>: (4) 1
|4)= > % piT+5TpiT+5¢|0>v

J8
1 T T T T
|2>:ﬁ % (pi+6Tpi+R51_pi+61pi+R§T)|o>7

|5>:diT¢diT¢|o>,
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whereR§ is the result of rotatingd by 7/2. To obtain the In the lowest nontrivial order in the canonical transforma-
optimum parameters di;, we adjust them to fit exactly the tion, the transformed operator pf, is not changed. Follow-
three lowest energy Ievelﬂ“ﬁ, Fé, anng), the highest one ing a similar procedure as above, we assume that it is a good
(I'3), and the average of the other tid'5+1'3)/2]. Calling ~ approximation to use:

Ej, the lowest energy ofl5, in each symmetry sector, the

result is pl =a’pl, )

 Egp(I'3) +Egp(T'3) —Ean(I's) — Eay(I'3) where|a’| <1, because part of the spectral weightpdf is
pp— 4 ' distributed in high-energy states which are out of the Hilbert
space oH. Equationg8) and(6) were shown to be accu-
3 _ 3 / rate enough in previous comparison of the Cu and O photo-
_ BanlD) ~ Ean(I'5) + 285, emission spectra dfiy, andHg in a Cy,Og cluster’! Here,
to calculatea’, we solve exactlyHy, andHg in a Cu,0
1 1 . cluster including and O atom and its two nearest-neighbor
_Ea(I's) —Esp(I')  ty typ Cu atoms, with two and three holes. The fifstcond mem-
2= 8 2 4 ber of Eq.(8) is applied to theS=0 ground state ofi3,(H)
with two holes. FoH, the result is a linear combination of
J=2(t1+1,)+Egp(T'3) — Egp(Th). (5)  two eigenstates with total spi=1/2, which correspond to
the low-energy part of the result féf;,. Then,a’ is deter-
As an example for the parameterstef, for La,CuQ,, ob-  mined fitting the coefficients of these two states. Inside the
tained from constrained-density-functional approximation inrange of reasonable parameters Hbf,, we obtain|a’|?
Ref. 21 U4=10.5, U,=4.0, U,q=1.2, A=36, t,q=1.3, =~0.44.
andt,,=0.6, all energies in ey, we obtaint,gp=0.56, ty
=0.37, t,=0.08, Jx=0.62. The value of], which is af-

fected by other orbitals not included ki, (Ref. 47) is taken i ] ] i
asJ=0.13 from experimerft There is numerical evidentethat in the low-energy

eigenstates oH;, the O holes are in the ground state of a
CuQ, cluster(a Zhang-Rice singlé%). Defined in this way,
Zhang-Rice singlets centered in nearest-neighbor Cu orbitals
We have to express the hole creation operatﬂ[;sand are nonorthogondf Using a projectoiP, over these nonor-
piTU in the basis ofH in order to calculate photoemission thogonal Zhang-Rice staté$P,H P, can be mapped into a
properties. In the lowest nontrivial order in the canonicalgeneralized-J modelHg,;, in which each Zhang-Rice sin-
transformation which eliminatety4, one obtains for thelf'T glet at a CuQ cluster, is replaced by the vacuumo hole$
operator transformed into the spin-fermion basis in the cluster. Retaining the most important ternkkg,;
takes the forrf?

1 4 ’

C. From Hg to a generalizedt-J model

B. Mapping of the operators

t_ S ~t = ~t =t
dm—aEa pi+§¢nn+b2§ pi+mni¢+025 Pit 5 dipdi o =t o = o <t~
HGIJ:tli; di+Aodia+t22 di+l"adi0+t3i; ditoa0dis

g g

(6) o
and similarly interchanging spin up and spin down, with . -t
n,,=d/ di,. The values ofa, b, c, which are obtained + _AE, divarodivac(1=25-§.a)
from the canonical transformation, are not accurate enough. Az
To improve them, we ask that all matrix elements of the J 1
second member of Eq6) between states dfi; in a CuQ, ts %, (S SeaT Z)' ©

cluster with one and two holes, should coincide with the
matrix elements oﬂiTU between the corresponding states inwhereA=25(I"=2+) are vectors connecting firésecond

Hj,. The result is nearest-neighbor Cu atoms, and
a=v/2, b=—u|Ag/\8+(1—|A|)v/4, t;=(104,+ 246, +41Q,+511¢)/512,
c=u|Ag|/\8+(1+|A)v/4, with u,u>0, th=(13t),— 11t,)/64,
, 1 A+Upg—2tp, tg=—11t,/128,

us=-+ ,
2 2\(A+Upg—2t,,) %+ 165,
t"=(8tp,—18t; —6t,+3Jy)/256. (10
v?=1-u? 7 . o . .
As in Hg there is an implicit constrain of forbidden double
The A; are the coefficients of the ground state of the matrixoccupancy at any site. For the typical parameterdHgj
Eg. (3 in terms of the basis set Eq4): |gsp(I'7))  mentioned above, Eqg10) give: t;=0.42, t,=0.05, t}
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The low-energy eigenstaté®’) of Hg can be obtained where N, =|(WE | TTT|¥,;)|? and in 3 the sum ovey
from those|W¢§,;) of Hgyy simply by dressingthe vacant runs over half the O atomghose which contain 2gorbitals

sites with Zhang-Rice singlets: or in other words, their nearest-neighbor Cu atoms lie in the
x direction). The normN,# 1, due to the nonorthogonality of
, TV Zhang-Rice singlets centered in nearest-neighbor Cu %ites.
Vo =— Ty \1/2° Since|WK,,) contains only one vacant site then-(h;)(1
<WGtJ|T T|\I’Gt\]> GU

—nj)|\If'étJ>=0 fori#j. Using this and Eq(11) one has

T=11

2 (pi maiTL_BiTJr zﬂaiTT)(l_ nj)+n;|,

-

pJT|\PGtJ> \/— d]+51(1 nj+5) H n+dj Syl

=d! le‘*'dwdlL (11

This equation, together with Eg&) to (8) allow to calculate X(1=n; 75)_ H
the Cu and O photoemission spectra of the three-band Hub- 1717
bard modelH;, from the eigenstates of the corresponding
generalized-J modelHg,;. For the sake of clarity, and in
absence of a more detailed knowledge about the experimen-
tal situation, we neglect effects of interference and the de-
pendence on the polarization of the incident radiation andvhere the last equality makes use of the fact that0 or 1
direction of the photoemitted electron. Then, in the insulat-and=;(1—n;)=1. From Egs(13)—(15) one obtains

ing state, the Cu and O contributions to the intensity of the
lowest ARPES peak are given lfthe contributions for both

12
spins are the sanie 151(k)= %Zl(_k), (16
k

n; |‘I’Iéu>

1 -
:m[dr+5xi 51]|‘I’ 1) (15

L cugo = 2(W & d, | Wo) |,
and since from symmetry (k)=2Z;(—k)=2Z;(—k), we
Loty = 2¥ &l Pixo Y o) I+ 2 (W piyo|®o) % (12 have for the total O intensi
where| W) is the ground state dfi andHg,; in the insu-
lating system|W¥X) the lowest energy eigenstate ldf; for [cog(k,/2)+co(ky/2)]]a’|?
one added holéwhich leads to a nonzero matrix element lo(k)= N
andd},, pl.,. andpf,,, are the Fourier transforms of the K
three creation operators of a unit cell.

Z,(k). (17

In the cluster of 44 unit cells, we obtaiiN,=0.36 for allk
with error less than 10%. The small dependence of the norm
T|WwE,,) on the wave vector is to be expected in an antifer-
The formalism presented in the rest of this section allowgomagnetic background for realistic parametergigf;. As
us to calculate, in the next section, the Cu and O contribuit becomes particularly clear within the string pictdfehe
tions to ARPES, from the eigenstates obtained from exaadtotion of a vacant site in a quantum antiferromagnet can be
diagonalization of finite systems. To calculate the Cu pardivided into a fast motion around a fixed position on the
with analytical approximations applied tés; requires fur-  |attice, on the scale of- 3t, against a string linear potential
ther algebraic elaboration which is beyond the scope of thigreated by the distortion of the antiferromagnetic order, and
work. However, as we show below, there is a simple analytia slow motion of the polaronic cloud, which determines the
cal relation between the O contribution, generally the mostuasiparticle dispersiotwith a width ~2J). N, is clearly
important, and the quasiparticle weight bfs; for one  determined by the physics inside the polaronic cloud and is
added hole. The latter quantity has been calculated accuhus essentially independent of its wave vedtor

D. O intensity vs quasiparticle weight inH g

rately with the SCBA(Refs. 7, 9, and I6and compared with From the above discussion, it is clear that the wave-vector
results of other analytical and numerical methdds. dependence of (k) is given by that of the quasiparticle
The quasiparticle weight iflgy; is weight ofHg,;, and the factor cék,/2) + cos(k,/2).*® This
5 factor is very important and leads to the fact that for wave
Z,()=[(W &yl diol W), (13)  vector () in the notation of Eq(1) (k=(0,0) when the
while the contribution to the intensity from, for example,2 ~ ©riginal phases are restored to compare with experiffient
orbitals and spin up iEEgs. (8), (11), and (12)]; there is no O contribution to the low-energy ARPES. This is
’ ' particularly clear when the on -site O repulsidg 0. In this
(k) |a. | |<\I’O|pkxT|\P f>|2 case, from Eq'(l) [H3b p(ﬂ' w)ao—] Ap(v-r T)ao with a=x

ory, ie., p(,, mao do€s not hybridize with the Cu,3 2
/2 ' kR K \[2 orbitals. Then all the O weight resides in a well-defined qua-
'] |<\P0|(1/\/ﬁ)2 e "Sp TVl siparticle at energh ~3.6 eV, while the low-energy quasi-
= N ; particles, involved in the formation of Zhang-Rice singlets,
K lie at negative energigsvith the zero of one-particle ener-
(14 gies of Eq.(1) (Ref. 27].
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0.00 . \ . . | | FIG. 2. Oxygen(top) and Cu(bottom) intensities for several

(0,0) W2,70/2) () (m72) (1,0) (1/2,0) (0,0) wave vectors as a function of O-O hopping.

these wave vectorsThis is due to the fact that for larger
and Cu intensity(botton) as a function of wave vector, for param- binding energy of the added hole, less magnons are excited

eters ofHa, calculated for LaCuO, (Ref. 21. The square symbols and the quasiparticle is more similar to the bare hole, in-

and error bars at the top correspond to the observer ARPES ifr€asingZ,(k). S
SKLCUOCl, (Ref. 1. The O and Cu intensities given by E¢2) are compared

in Fig. 1. As explained above, both intensities are exagger-
ated for wave vectors#, w/2),(7,0) and @/2,0). Forl o(k)

this is clear when Eq(17) (Ref. 46 with |a’|%/N,=1.22,

] ) ] _and the weights dfi 5;; calculated by the SCBARefs. 7 and

In this section we present the result of exact diagonalizag) are used. However, these finite-size effects do not affect
tion of Hgyy as an effective model representing the low-the characteristic strong variation of the O intensity around
energy physics oHgp,, in a system containing ¥4 unit  the line [joining (0,0) with (7, )]. I o(k) is the maximum
cells. At the end we use Eq17) and previous results of for k= (x/2,7/2) and very small fokk=(,), as for the
Z,(k) to obtainl (k) in larger clusters. generalizedt-J model’~%! However, in contrast t&, (k)

At the top of Fig. 1 we show the quasiparticle dispersionfor Hg,;, 1 o(k) vanishes ak=(0,0). This is a consequence
A with the original phases restoffdand in the electron of the different symmetry of the, and dy2_,2 orbitals (or
representatiorfupside down with respect of the hole repre- Zhang-Rice excitationsat that point, as explainggh differ-
sentation ofH4y), to facilitate comparison with experiment. ent termg at the end of the previous section.

The parameters dfi3, were taken from Ref. 21 and those of ~ In contrast tol o(k), the Cu intensities fok=(7/2,7/2)
Hgty were determined from the mapping procedure, excep@ndk=(0,0) are similar and rather large in comparison with
for J=0.13 which was taken from comparison with Ramanother wave vectors. Sincéo(0,0)=0, the experimental
experimenté® Taking into account that there are no fitting ARPES intensity ak=(0,0) is determined by the Cu part.
parameters, the agreement with the experimentally measurdd'® maximum off ¢ (k) for k=(#/2,0) is probably not re-
dispersion in SICUO,Cl, is very good. The discrepancies alistic for the parameters oHj, which correspond to_
around ¢r,0) can be ascribed to some finite-size effects in>2CUC:Clz, and should be reduced as the corresponding
the 4x 4 cluster'® and to the fact that the parametersHbf, w20 @pproaches the observed quasiparticle energy.

for La,CuO, (Ref. 21 should differ somewhat from the cor- In Fig. 2 we show the evolution of several intensities as a

. function of the O-O hopping,, of Hs,. The importance of
responding ones for SEuO,Cl,. A consequence of the up- .. ) ; pp . i
ward shift in\, for k= (r,/2),(m,0) and @/2,0) is that this term is 'that asyp increases, the th'res.sne te'm’h be
th inartiol iohZ (k) Of Heo | ted comes positivgsee Eq(10)], particularly ift” is obtained by

e quasiparticle weighZ,(k) of He,, is exaggerated for fitting energy levels' instead of the analytical expression Eq.

FIG. 1. Quasiparticle energigtop), oxygen intensitymiddle),

lll. RESULTS
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3.0 ; ; clearly this effect is negligible on the O ARPES. The above-
mentioned asymmetry is even enlarged if a negatiee
—J/4 (as that which comes form a canonical transformation
of Hy) is included®® This suggests again that values of
top~0.6 eV or larger, leading to positivé, are more real-
istic.

W/t

250 o o
IV. CONCLUSIONS

y A We have developed a formalism which allows to calculate
separately the low-energy part of the angle-resolved photo-
emission intensity from either Of2, or Cu 3d,2_2 orbitals,
0.30 ' ' using a generalizett model as an effective model for cu-
prate superconductors. This low-energy reduction is the only
025¢ r ] way to calculate the wave-vector dependence of the intensi-
ties by exact diagonalization of finite systems, since at
present it is not possible to diagonalize directly the three-
band Hamiltonian in a periodic system large enough to con-
tain the minimum necessary sampling of the Brillouin zone.
For the insulating system, the O intensity can be very well
approximated as

4 h

0,0) (:v/2:n/2) (@m) (nwi2) @0} (2,0) (0,0)(0.m) (n/Zin/Z) (m,0)

L ®

0.20f

0.15¢

0.05F

lo(k)=1.22 Z,(K)[sirP(k./2) +sirf(k,/2)],

A

0.00 . .
00 @2a2) @n @) @) @20 000" (@22 (@0)

whereZ (k) is the quasiparticle weight of the effective gen-
FIG. 3. Qua_siparticle dispersic(top) and oxygen intensitj_(bot- eralized t-J model. Thus,lo vanishes at the’ point k
tqm) as a function of wave veptor_usmg exact diagonalizatapen  _ (0,0). Since this is a consequence of the different symme-
circles (Ref. 8),and S(/:BA,(solld t’rlangle$"(Ref. 9 results. Param- try of O 2p, states and low-energy excitations at that point,
eters are)=—1;=0.3,;, t3=0.2;, andt"=0. this result should persist with doping.
Our numerical results in a cluster of<4 unit cells, for
(10) we used here. In turn, moderate positive valueg”of parameters calculated for $@uQ,, show thatl (k) is larg-
favor a resonance-valence-bond superconducting groureskt for k=(#/2,7/2), and at that point, the Cu intensity
state with(predominantly d,z_,2 symmetry>-°*The effect I¢,(k) is nearly three times smaller. Instead, whilg,(k)
of t,, on the intensities is to redudg(k) andl (k) for k has similar values ak=(7/2,77/2) and near thd" point,
=(m,wl2),(m,0) and @/2,0). Alsol,(0,0) decreases with 15(0,0)=0. The fact thal 5(k) andlcy(k) dominate in dif-
tpp. This is mainly a consequence of a shift downwards offerent regions of the Brillouin zone, makes it possible to
the corresponding, . As a consequence, the dispersion, andseparate both contributions experimentally. For an analysis
also apparently the intensities, compare better with thef the experiments, as those carried out iRCHIO,Cl,,! the
ARPES results in SCuO,Cly, if t,,~0.6 eV or larger. separation in Cu and O contributions is important, since the
For the incident energy used in the ARPES experintentscross section for photoemitting electrons in @ 2r Cu
in SL,CuQ,Cly, the cross section for photoemitting Qo2 3d,2_2 orbitals are different and have different dependence
electrons is near two times that of Cul Zlectrons?® This  on the incident energ}’. For a quantitative comparison with
fact and our previous results suggest that the observed inteexperiment, it is necessary to add the amplitudestead of
sity is given essentially bio(k), except fork near(0,0). We  the intensities of the scattered waves from the three atoms
have used Eq17) with N,=0.36 constant, in order to relate per unit cell, multiplied by their respective scattering ampli-
I o(k) with previous accurate results fdr, (k) in Hg;: ex-  tudes, taking into account the polarization of the incident
act diagonalization of a square cluster of 32 sitamd the photons, and the direction of the photoemitted electrons.
SCBA in a 16< 16 cluster® The parameters dfig,;, taken  This does not require an extension of our formalism. In ad-
from Ref. 8, are near the optimum ones for fitting the disper-dition, for any particular scattering amplitudes and polariza-
sion relation\ ., with t”=0. The resulting\, andl (k) are  tion, the expected trends can be extracted from the present
shown in Fig. 3. Due to the factor ${i/2)+sir(k/2),®  results. Agreement with the observed intensities seems to
the intensities along th& line are asymmetric and smaller improve fort,,=0.6 eV, which in turn favors a resonating
near the Brillouin-zone center, contrary to what was ob-valence bond ground state agvave superconductivity* >
served experimentaly. We should state that a small admix-
ture of the Cu 8 (Ref. 10 configuration in the ground state
of the undoped systerfof ordertgd/[(AJrUpd)Ud], which
we have disregarded hereas the effect of increasing the Cu  J.M.E. and C.D.B. were supported by the Consejo Nacio-
ARPES neakk=(0,0), as it is clear in the strong-coupling nal de Investigaciones Ciefibas y Tenicas (CONICET),
limit of the one-band Hubbard modeH(,). ' '®*However,  Argentina. A.A.A. was partially supported by CONICET.
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